Introduction {#S0001}
============

Colorectal cancer (CRC) is one of the most common malignant tumors of the digestive tract and is the leading cause of cancer-related mortality. The number of global cancer-related deaths reached 9.6 million in 2018, of which CRC-related deaths accounted for 10.2%.[@CIT0001] While the development and refinements of comprehensive anti-tumor treatment and precision medicine have greatly improved the prognosis of patients with CRC, the prognosis of patients with advanced CRC remains dismal.[@CIT0002] Knowledge of the molecular mechanism underlying the CRC progression process is necessary. The identification of critical genes and novel therapeutic targets will help improve the prognosis of patients with CRC.

The tripartite motif protein (TRIM) family includes E3 ubiquitin ligase. Members of the TRIM family participate in a variety of biological processes, which include mitosis, apoptosis and proliferation, cell cycle progression, migration, and invasion.[@CIT0003] The TRIM family includes important regulators of multiple human diseases, including cancer.[@CIT0004] The TRIM protein contains the RING domain, B-box structure, and coiled-coil region. The RING domain has E3 ubiquitin ligase activity, which can mediate the ubiquitination of target proteins.[@CIT0005] The B-box structure, comprising conserved cysteine and histidine residues, is a unique domain of the TRIM protein, which might play a decisive role.[@CIT0006] TRIM44 is an important member of the TRIM family. TRIM44 is abnormally expressed and plays a role in promoting malignant solid tumors, including melanoma, cervical cancer, ovarian cancer, esophageal cancer, and liver cancer.[@CIT0007]--[@CIT0011] However, the expression and molecular mechanism of TRIM44 in CRC remain unclear.

In this study, we aimed to analyze the expression levels of TRIM44 in human CRC, assess its clinical significance, and reveal the role and mechanism of TRIM44 in cell proliferation, invasion, and migration of CRC.

Materials and Methods {#S0002}
=====================

Bioinformatics Analysis {#S0002-S2001}
-----------------------

Differential expression of TRIM44 in CRC samples and paracancerous samples was analyzed using the online Gene Expression Profiling Interactive Analysis (GEPIA; [<http://gepia.cancer-pku.cn/>]{.ul}) database. The GEPIA survival analysis tool was used to analyze the relationship between TRIM44 mRNA expression and CRC prognosis. In addition, the expression level of TRIM44 was classified as low and high. Gene Set Enrichment Analysis (GSEA) on signal pathways was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. *P*-values \<0.05 and false discovery rates \<0.25 were considered significant.

Tissue Samples and Cell Culture {#S0002-S2002}
-------------------------------

Overall, 120 paraffin embedded CRC tissues were collected from Wuhan University Zhongnan Hospital. Fresh CRC tissues and paracancerous tissues were also collected from three patients. These 123 CRC patients underwent surgical resection at Zhongnan Hospital from January 2010 to January 2012, and were pathologically diagnosed with CRC. Complete clinical data and follow-up information of 120 patients were obtained. Of them, 72 were men and 48 were women, with a median age of 57 years (range, 39--78 years). The study was performed according to the Helsinki Declaration and was approved by the Ethics Committee of Zhongnan Hospital. All patients signed a written informed consent.

Intestinal mucosal epithelial cells (NCM460) and three CRC cell lines (SW620, LOVO, and HCT116) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured by RPMI-1640 (Gibco, Grand Island, NY, USA) medium with the addition of 10% of fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA) at 37°C in an atmosphere of 5% CO~2~.

Immunohistochemistry and Evaluation {#S0002-S2003}
-----------------------------------

The paraffin-embedded tissues were cut into 4 μm-thick sections for immunohistochemistry (IHC). Xylene and ethanol were used for dewaxing and dehydration, respectively, followed by citrate buffer (pH=6.0) for antigen retrieval. Then, 3% H~2~O~2~ was used to block endogenous peroxidase activity, and 5% FBS (Solarbio, Beijing, China) was utilized to assay any non-specific antigen binding of the conjugates. The tissue slices were subsequently incubated with a 1:100 dilution of anti-TRIM44 antibody (Proteintech Group, Inc., Rosemont, IL, USA) at 4°C overnight. The next day, the slices were reacted with horseradish peroxidase-labeled secondary antibody (Beyotime Biotechnology, Shanghai, China) for 1 h at room temperature. The tissue slices were stained with hematoxylin (Sigma-Aldrich, St. Louis, MO, USA), dehydrated using an ethanol gradient, and sealed with neutral gel. In the negative control, the primary antibody was replaced with PBS.

The tissue slices were independently assessed by two pathologists. TRIM44 was primarily expressed in cellular cytoplasm. The IHC staining reaction was evaluated using a semi-quantitative scoring system involving staining intensity and staining degree. Staining intensity was ranked as follows: 0 (no staining), 1 (weak staining), 2 (moderate staining), and 3 (strong staining). Staining degree was ranked as follows: 0 (≤5%), 1 (6--25%), 2 (26--50%), 3 (51--75%), or 4 (76--100%). Staining intensity score and staining degree score were multiplied to obtain the final score: ≤1 indicating low expression and \>1 indicating high expression.

Western Blotting {#S0002-S2004}
----------------

Total protein content was measured using a BCA Protein Assay Kit (Thermo Fisher Scientific). Proteins comprising the total protein sample were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). Each membrane was blocked 5% skimmed milk for 1 h and then incubated with primary antibody at 4°C overnight. The following day, the membranes were rinsed three times using Tris buffered saline containing Tween and then incubated with secondary antibody for 1 h at room temperature. Finally, the ECL kit (EMD Millipore, Billerica, MA, USA) was used to visualize the protein bands. The primary antibodies and dilutions used in this study were anti-TRIM44 antibody (Proteintech Group, Inc., 1:1000); anti-mTOR antibody (1:2000), anti-p-mTOR antibody (1:1500), anti-Akt antibody (1:1000), anti-p-Akt antibody (1:1000), anti-P70 antibody (1:1000), and anti-p-P70 antibody (1:2000) (all from Cell Signal Technology, Beverly, MA, USA).

Small Interfering RNA (siRNA) {#S0002-S2005}
-----------------------------

The expression of TRIM44 in CRC cell lines was silenced by siRNA (si-TRIM44). The target sequence was GGGACCAAATGAAGATGTT. Lipofectamine 2000 reagent (Thermo Fisher Scientific) was used to add si-TRIM44 to CRC cells as described by the manufacturer. Non-specific siRNA (si-NC) and scrambled siRNA (scr-RNA) served as negative controls. Cells were incubated with 5% CO~2~ at 37°C for 72 h and collected for use in later experiments. The inhibition efficiency was determined by Western blot.

Cell Proliferation {#S0002-S2006}
------------------

Cell proliferation was evaluated using a Cell Counting Kit-8 (CCK-8; Beyotime Institute of Biotechnology, Jiangsu, China). Briefly, CRC cells (3× 10^3^) were seeded into 96-well plates (Corning, Corning, NY, USA) and incubated for indicated time periods. After incubation for 24, 48, and 72 h, 10 μL of CCK-8 solution was added to each well and the samples were incubated for an additional 2 h at 37°C. A microplate reader was used to measure the optical density at 450 nm. The cell growth curve was drawn.

Transwell Assay {#S0002-S2007}
---------------

The Transwell assay was used to investigate the invasion and migration of CRC cells. For the invasion assay, the upper Transwell chamber (8 μm, BD Bioscience, San Jose, CA, USA) was coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) beforehand. Matrigel was later employed in the migration assay. Cells (5×10^4^) were starved by culture in serum-free medium and then inoculated in the upper chamber. The lower chamber contained culture medium with 10% FBS. After 24 h incubation, the cells that pervaded the surface or migrated into the membrane were fixed, stained using crystal violet, and counted. For the invasion assay, the upper Transwell chamber was also coated with Matrigel. Briefly, 5×10^4^ cells were starved by culture in serum-free medium and inoculated in the upper chamber. The lower chamber contained culture medium with 10% FBS. After incubation for 24 h, the cells that migrated into or invaded the surface of the membrane were fixed, stained with crystal violet, and counted.

Wound Healing Assay {#S0002-S2008}
-------------------

The wound healing assay was used to assess the migration ability of CRC cells. Cells were seeded into six-well plates. When growth was 100% confluent, the monolayers were scraped with a 1000-μL pipette tip and washed with PBS. After being incubated at 37°C for 24 h, the cells were photographed and analyzed using an optical microscope.

Statistical Analyses {#S0002-S2009}
--------------------

Student's *t*-test was used to compare the data between the two groups. The relationship between clinicopathological characteristics of CRC patients and TRIM44 expression was analyzed using the Chi-square test. Kaplan-Meier survival curves of CRC patients were drawn. Log rank test was employed to compare the survival curves. Disease-free survival (DFS) and overall survival (OS) were the end points. The Cox proportional hazard regression model was used to analyze whether TRIM44 was a prognostic factor for patients with CRC. GraphPad Prism 6.0 (GraphPad, La Jolla, CA, USA) and SPSS 21.0 (SPSS Inc., Chicago, IL, USA) were used for data analysis. A *p*-value \<0.05 was considered significant.

Results {#S0003}
=======

Upregulation of TRIM44 in CRC {#S0003-S2001}
-----------------------------

Analysis using the GEPIA online tool indicated an upregulated trend of TRIM44 expression in digestive tract solid tumors compared with that in normal samples ([Figure 1A](#F0001){ref-type="fig"}). TRIM44 was also highly expressed in CRC samples ([Figure 1B](#F0001){ref-type="fig"}). To verify these predictions, the expression status of TRIM44 protein in CRC tissues was assessed by IHC and Western blot. IHC was first performed to determine the cellular location of TRIM44 in CRC, and the expression of TRIM44 in 120 CRC tissues and paracancerous tissues. The TRIM44 protein was mainly located in the cytoplasm of CRC cells ([Figure 1C](#F0001){ref-type="fig"}). TRIM44 was expressed in 54.2% (65/120) CRC tissues, which was significantly higher than that in adjacent tissues (36.7%, 44/120; *p*=0.006). TRIM44 protein expression was quantitatively determined in three pairs of fresh CRC and paracancerous tissues using Western blot. TRIM44 protein expression was significantly higher in CRC tissues than in paracancerous tissues (*p*\< 0.01; [Figure 1D](#F0001){ref-type="fig"}). The data revealed the upregulated expression of TRIM44 in CRC tissues.Figure 1Upregulation of TRIM44 in CRC. (**A**) Based on the analysis of the GEPIA database, TRIM44 is up-regulated in various digestive tract solid tumors except hepatocellular carcinoma. (**B**) The results GEPIA analysis show that TRIM44 mRNA expression levels in colon and rectal cancer is higher than normal tissues. (**C**) TRIM44 protein is mainly localized in the cytoplasm of CRC or adjacent tissues which detected by IHC. (**D**) The expression level of TRIM44 in CRC tissues is higher than that in adjacent tissues which detected by Western blot. \*Compared with the adjacent tissues group, *p*\<0.01.**Abbreviations:** TRIM44, tripartite motif protein 44; CRC, colorectal cancer; GEPIA, Gene Expression Profiling Interactive Analysis; IHC, immunohistochemistry.

Correlation Between TRIM44 and Prognosis of Patients with CRC {#S0003-S2002}
-------------------------------------------------------------

The prognostic role of TRIM44 in patients with CRC was assessed. The GEPIA survival tool revealed that CRC patients with high mRNA levels of TRIM44 had poorer prognosis ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). The 120 patients with CRC were subsequently divided into TRIM44 low expression group (n= 55) and TRIM44 high expression group (n= 65) according to the IHC staining results. The correlation between TRIM44 expression status and clinicopathological characteristics of patients with CRC was determined. High TRIM44 expression was closely associated with lymph node status, distant metastasis, lymphatic and vascular invasion, and carcinoembryonic antigen levels in patients with CRC ([Table 1](#T0001){ref-type="table"}). In addition, long-term follow-up was performed in these patients with CRC, with mean follow-up of 43.6± 38.4 months (range, 4--132 months). Patient survival during follow-up was similar to that of the GEPIA online prediction. CRC patients with higher TRIM44 expression had poorer prognosis ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). In addition to TRIM44 expression status, univariate analysis indicated that T stage, N stage, M stage, and lymphovascular invasion could affect the survival time of patients with CRC ([Table 2](#T0002){ref-type="table"}). Multivariate Cox analysis showed that T stage, N stage, M stage, and TRIM44 expression status were independent risk factors for prognosis in patients with CRC. These data indicated a key role for TRIM44 in the CRC process.Table 1Association Between TRIM44 Expression and Clinicpathological of CRC PatientsVariablenTRIM44 Expression*χ*^2^ Value*p-*ValueLow (n=55)High (n=65)Gender1.2590.262 Male7230 (54.5%)42 (64.6%) Female4825 (45.5%)23 (35.4%)Age1.3500.245 ≦60y7437 (67.3%)37 (56.9%) \>60y4618 (32.7%)28 (43.1%)Tumor location0.3300.566 Colon cancer4924 (43.6%)25 (38.5%) Rectum cancer7131 (56.4%)40 (61.5%)T category3.7470.154 T1--T21812 (21.8%)6 (9.2%) T32511 (20.0%)14 (21.5%) T47732 (58.2%)45 (69.2%)N stage9.4600.009 N05232 (58.2%)20 (30.8%) N13912 (21.8%)27 (41.5%) N22911 (20.0%)18 (27.7%)M stage6.3380.012 M010352 (94.5%)51 (78.5%) M1173 (5.5%)14 (21.5%)Pathological grading1.6880.430 High3414 (25.5%)20 (30.8%) Moderate6031 (56.4%)29 (44.6%) Poor2610 (18.2%)16 (24.6%)Lymphovascular invasion4.3830.036 Negative9247 (85.5%)45 (69.2%) Positive288 (14.5%)20 (30.8%)Perineural invasion0.0320.857 Negative10448 (87.3%)56 (86.2%) Positive167 (12.7%)9 (13.8%)CEA status4.7570.029 Normal7741 (74.5%)36 (55.4%) High4314 (25.5%)29 (44.6%)[^1] Table 2Univariate and Multivariate Cox Proportional Hazards Analysis of TRIM44 Expression and OS for CRC PatientsFactorUnivariate AnalysisMultivariate AnalysisHR (95% CI)*p*HR (95% CI)*p*Gender0.919 (0.457--1.848)0.812Age1.224 (0.613--2.441)0.567Tumor location1.142 (0.568--2.296)0.709T stage3.206 (1.427--7.205)0.0053.323 (1.441--7.663)0.005N stage1.946 (1.272--2.978)0.0021.736 (1.085--2.778)0.022M stage4.880 (2.352--10.127)\<0.0014.068 (1.909--8.672)\<0.001Pathological grading0.844 (0.518--1.375)0.495Lymphovascular invasion2.238 (1.098--4.562)0.0271.186 (0.571--2.460)0.647Perineural invasion1.219 (0.471--3.158)0.683CEA status1.403 (0.704--2.800)0.336TRIM44 expression7.710 (2.709--21.947)\<0.0015.075 (1.762--14.623)0.003[^2] Figure 2TRIM44 and prognosis of CRC patients. CRC patients with high TRIM44 expression have worse DFS (**A**) and OS (**B**), which based on survival analysis of GEPIA. In our follow-up results, the DFS (**C**) and OS (**D**) of patients with TRIM44 high expression group was significantly shorter than that of the low expression group.**Abbreviations:** TRIM44, tripartite motif protein 44; CRC, colorectal cancer; DFS, Disease-free survival; OS, overall survival; GEPIA, Gene Expression Profiling Interactive Analysis.

Effects of TRIM44 on Biological Behavior of CRC Cells {#S0003-S2003}
-----------------------------------------------------

To investigate the effects of TRIM44 on the biological behavior of CRC cells, we examined the abundance of TRIM44 protein expression in CRC cell lines. TRIM44 protein was upregulated in SW620, LOVO, and HCT116 CRC cells compared with the expression in NCM460 normal intestinal mucosal epithelial cells ([Figure 3A](#F0003){ref-type="fig"}). The highest level of TRIM44 expression was detected in LOVO cells. These cells were included in the subsequent loss-of-function studies. After effective knockdown of TRIM44 expression in the LOVO cells ([Figure 3B](#F0003){ref-type="fig"}), we further examined the effects of TRIM44 on CRC cell proliferation, migration, and invasion. The CCK-8 assay showed that the proliferation of LOVO cells in the si-TRIM44 group was significantly inhibited compared with that in the control group ([Figure 3C](#F0003){ref-type="fig"}). The Transwell chamber was used to assess the migration and invasion abilities of CRC cells. TRIM44 silencing effectively inhibited the migration and invasion capacities of LOVO cells ([Figure 3D](#F0003){ref-type="fig"}). The wound healing assay was used to further confirm the effects of TRIM44 on the migration ability of CRC cells. The assay demonstrated that knockdown of TRIM44 suppressed the migration of LOVO cells ([Figure 3E](#F0003){ref-type="fig"}).Figure 3Effect of TRIM44 on biological behavior of CRC cells. (**A**) Western blot showed the highest expression levels of TRIM44 protein in LOVO lines. (**B**) The expression of TRIM44 in LOVO cell lines was significantly inhibited which was detected by Western blot. (**C**) Knockdown of TRIM44 inhibited the proliferation of LOVO cells which was assessed by CCK-8. (**D**) Knockdown of TRIM44 inhibited the migration and invasion of LOVO cells which was examined by transwell chamber. (**E**) Knockdown of TRIM44 inhibited the migration of LOVO cells which was detected by wound healing assay. \*Compared with the NCM460 cells, *p*\<0.05; \*\*Compared with the NCM460 cells, *p*\<0.01.**Abbreviations:** TRIM44, tripartite motif protein 44; CRC, colorectal cancer; CCK-8, Cell Counting Kit-8.

Involvement of TRIM44 in Activation of the Akt/mTOR Signaling Pathway {#S0003-S2004}
---------------------------------------------------------------------

To explore the potential mechanism of TRIM44 in the CRC process, we performed a GSEA analysis using KEGG data. TRIM44 was closely associated with the Akt/mTOR signaling pathway. To validate the above bioinformatics predictions, the levels of Akt/mTOR signaling pathway-related molecules were determined in the control and si-TRIM44 groups. Western blot revealed that the expression of total mTOR, Akt, and P70 remained unchanged, while the expressions of phosphorylated mTOR, Akt, and P70 were inhibited in si-TRIM44 cells, in comparison with those in control group cells ([Figure 4](#F0004){ref-type="fig"}).Figure 4TRIM44 in the activation of the Akt/mTOR signaling pathway. Knockdown of TRIM44 inhibited phosphorylation level of mTOR, Akt, and P70. \*Compared with the si-TRIM44 group, *p*\<0.01.**Abbreviation:** TRIM44, tripartite motif protein 44.

Discussion {#S0004}
==========

CRC is a common malignant tumor of the digestive tract. Lifestyle changes have resulted in significantly increasing trends in the incidence and mortality rates of CRC in China.[@CIT0012] Distant metastasis is common in patients with early-stage CRC, especially those with liver metastasis. However, the molecular mechanism of CRC is not yet defined. To improve patient's prognosis, knowledge of the molecular regulatory mechanism in the CRC process and novel therapeutic targets for CRC are needed. In the present study, the level of TRIM44 expression in CRC tissues increased, and CRC patients with high levels of TRIM44 expression had poorer prognosis. Combined with the predictive results of biological information, we speculate that TRIM44 might play a tumor-promoting role in the CRC process.

Tan et al indicated that through the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway, TRIM44 was upregulated in prostate cancer cell lines and displayed enhanced invasion and proliferation of tumor cells.[@CIT0013] Liu et al reported that expression of TRIM44 was markedly upregulated in tissues of cervical cancer than in nearby normal tissues, and that TRIM44 expression was closely related to FIGO stage, lymph node metastasis, and histological grade; and high levels of expression of TRIM44 was correlated to a poor prognosis in cervical cancer patients.[@CIT0008] TRIM44 also plays an important role in the malignant progression of papillary thyroid carcinoma (PTC). TRIM44 is highly expressed in thyroid PTC tissues and cell lines, and silencing of TRIM44 significantly inhibits PTC cell proliferation, migration/invasion, and epithelial-mesenchymal transition (EMT).[@CIT0014] In other previous studies, the abnormal expression of TRIM44 was closely associated with the progression of malignant tumors, such as gastric cancer, esophageal cancer, and intrahepatic cholangiocarcinoma, thus indicating the poor prognosis of these cancer patients.[@CIT0011],[@CIT0015],[@CIT0016] TRIM44 is highly expressed in gliomas and promotes tumor cell proliferation and cell cycle progression through AKT/p21/p27 signaling pathway.[@CIT0017] Nevertheless, no study has evaluated the effects of TRIM44 on the biological behavior of CRC cells. In this study, siRNA technology was used for effective silencing of TRIM44 expression in LOVO CRC cells. A series of in vitro assays demonstrated that knockdown of TRIM44 significantly inhibited the proliferation, migration, and invasion abilities of LOVO cells. Combined with the outcomes of clinical samples, we preliminarily determined that TRIM44 played a role in the metastatic process of CRC.

GSEA analysis of KEGG data was performed to determine the pathway of TRIM44 in promoting the CRC process. TRIM44 was mainly enriched in the Akt/mTOR signaling pathway. TRIM44 is overexpressed and promotes EMT in esophageal cancer cells via the Akt/mTOR signaling pathway.[@CIT0010] In another study on melanoma, Wei et al found that overexpressed TRIM44 directly binds to TLR4 and activates the Akt/mTOR pathway to ultimately induce tumor cell EMT using Co-IP and mass spectrometry.[@CIT0007] In non-small cell lung cancer, overexpression of TRIM44 induces EMT and enhances the metastatic potential of cancer cells; additionally, the administration of mTOR inhibitors in tumor cells can reverse TRIM44-induced mTOR signaling transmit.[@CIT0018] Based on previous studies and our present bioinformatics predictions, we examined the changes in Akt/mTOR signaling pathway-related molecules after knockdown of TRIM44. TRIM44 was confirmed to exert a tumor-promoting effect in the CRC process by activating the Akt/mTOR signaling pathway.

Conclusion {#S0005}
==========

Collectively, the results demonstrate that TRIM44 is upregulated in CRC and promotes tumor cell proliferation, migration, and invasion by activating the Akt/mTOR signaling pathway. Our findings shed new light on the mechanisms of CRC. TRIM44 may be a useful prognostic indicator and a novel therapeutic target for CRC.
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[^1]: **Abbreviations:** TRIM44, tripartite motif protein 44; CRC, colorectal cancer; T, tumor; N, node; M, metastasis; CEA, carcinoembryonic antigen.

[^2]: **Abbreviations:** TRIM44, tripartite motif protein 44; CRC, colorectal cancer; OS, overall survival; T, tumor; N, node; M, metastasis; CEA, carcinoembryonic antigen.
